An actinomycin D molecule bound to DNA sometimes stops the synthesis of RNA by Escherichia coli RNA polymerase. However, quite often, the bound antibiotic is released before the RNA polymerase detaches from the template DNA, so that the enzyme can resume, without interruption, the synthesis of the RNA chain.
occasionally, a bound molecule detaches from DNA; according to Muller & Crothers (1968) , at 37°C, the DNA/actinomycin D complex has a halflife of 260s. This half-life is shortened when RNA polymerase and the four deoxynucleoside triphosphates are added, as if the enzyme was able to scrape the antibiotic out of the double helix (Hyman & Davidson, 1970) . The aim of this work was to investigate whether the techniques used successfully when the obstacle was an apurinic site might show that a bound actinomycin D molecule is not always a final stop to the progression of an RNA polymerase. I present data showing that, if an actinomycin D molecule bound to DNA sometimes definitively stops the synthesis of RNA by E. coli RNA polymerase, quite often the bound antibiotic is released before the RNA polymerase detaches from the template DNA, so that the enzyme can resume, without interruption, the synthesis of the RNA chain.
Materials and methods T7 DNA DNA from coliphage T7 was prepared as described by Verly et al. (1974) ; it contained an average of 0.3 break per strand (39936 nucleotides). The T7 DNA was stored at 4°C in 0.15M-NaCl/0.015M-EDTA, pH7.0; just before utilization, it was dialysed against lOmM-Tris/HCl, pH 7.9.
E. coli RNA polymerase
The preparation of the enzyme from E. coli Q1 3 was previously described (Flamee & Verly, 1985) . The pure holoenzyme was stored at -20°C in 50mM -NaCl / lOmM-Tris / HCI / IOmM -MgCl2 / 10 mM-2 -mercaptoethanol/0. 1 mM-EDTA/0.0 1% bovine serum albumin, pH 7.9, containing 50% (v/v) of 1 M-HCl for I h also at 80°C to digest the nucleic acids. After addition of a scintillation solution, they were counted for radioactivity.
(b) Preparation and analysis of T7 RNA. T7 DNA (1.4pmol) and RNA polymerase holoenzyme (3ppmol) were preincubated before addition of the four nucleoside triphosphates together with heparin. The procedure was the same as above, except that UTP was labelled with 32p in the ca position (125mCi/mmol) and that the incubation was carried out at 37°C for 10, 20 or 30min. The reaction was stopped by dipping the tubes in ice.
The unincorporated nucleoside triphosphates were removed by Sephadex G-50 gel filtration. The nucleic acids were precipitated with ethanol, then dissolved in 200,ul of 0.15M-NaCl/0.015M-EDTA, pH 7.0. Of this solution, lOQpI was layered on top of a 5-20% (w/v) sucrose gradient in 1 MNaCl/l OmM-Tris/HCl/ 10 mM-EDTA, pH 7.0, in a 5ml tube. After 120min at 45000rev./min in the SW50. 1 rotor of a Beckman L5 centrifuge at 20°C, the tubes were emptied from the top and the radioactivity of the collected lOOjil fractions was determined.
incubation and the radioactivity incorporated into RNA was measured. Fig. 1 shows the results of the experiment. Without actinomycin D (situation a), the RNA radioactivity increased linearly with time until 11 min, which was the time needed for the enzyme to travel from promoter to terminator under the conditions of this particular experiment. After 11 min, the RNA radioactivity still increased linearly, but at a slower rate; the synthesis after 11 min was due to enzyme molecules that did not stop at the terminator. The ratio of the slope after 11 min to that before shows that 20% of the RNA polymerase molecules did not stop at the terminator.
The results were quite different when actinomycin D was present. To analyse them, I first made the assumption that an actinomycin D molecule bound to T7 DNA is a complete block to the progress of the RNA polymerase, by using the following equation (Flamee & Verly, 1985) :
where y is the ratio of RNA synthesized in the Miscellaneous
The actinomycin D concentration was calculated from measurements of A445 by using c = 22 000 M-I . cm-I (Ziffer et al., 1968) .
Experimental and results E. coli RNA polymerase holoenzyme transcribes T7 DNA early genes. The three major promoters are placed very close to one another at the left end of the T7 genome map (Stahl & Chamberlin, 1977) ; a termination signal is located at 19% of the T7 genome map. Transcription from the major promoters to the terminator gives RNA molecules containing an average of 7000 nucleotides (Dunn & Studier, 1983) .
Action of actinomycin D on the rate of T7 RNA synthesis All incubations were carried out at 30°C. T7 DNA (0.96pmol) was incubated with 0, 6, 12, 24 and 48 pmol of actinomycin D for 25 min in 55 ,ul of the preincubation buffer. Assuming random binding of the antibiotic to the T7 DNA, the average number of actinomycin D molecules sequestered in the part of the genome between the major promoters and the terminator were 0, 1, 2, 4 and 8 respectively. Addition of RNA polymerase holoenzyme (2.15pmol) and, after a 10min delay, of the nucleoside triphosphates and heparin is described in the Materials and methods section.
Samples were taken after different times of presence and absence of actinomycin D when the unimpeded enzyme had added x nucleotides to the growing RNA chain, and p is the probability that the RNA polymerase will be stopped at any nucleotide of the template DNA. The average number of complete blocks between promoter and terminator, n = 7000 p. The experimental data up to 11 min were used to calculate n by successive approximations with a computer. Fig. 1 shows that the best theoretical curves fit the experimental data rather well, and the calculated n values (see legend of Fig. 1 Fig. 2 gives the results without (a) and with (b) actinomycin D. The peak of complete RNA molecules (7000 nucleotides) is centred on fraction 34. Even with the antibiotic, although the incubation times (20 and 30min) were much greater than the 5min needed at 37°C for the unimpeded enzyme to go from promoter to terminator (results not shown), there were not many RNA molecules longer than 7000 nucleotides. On the other hand, the fraction of complete RNA molecules (7000 nucleotides) increased, whereas the fraction of incomplete molecules decreased between 20 and 30 min.
Discussion
I have studied the action of actinomycin D on the rate of transcription of the T7-phage DNA early region by E. coli RNA polymerase holoenzyme and also on the length of the RNA synthesized.
In all experiments, the ratio RNA polymerase/ T7 DNA was below 3, so that only the three major promoters were used. A preincubation of T7 DNA and RNA polymerase enabled me to synchronize the initiation when the nucleoside triphosphates were subsequently added; heparin was used to prevent re-initiation.
The kinetic experiments were done at 30°C to slow down the enzyme progression and determine more experimental points. In absence of actinomycin D, the RNA polymerase took 11 min to go from promoter to terminator; about 20% of the enzyme molecules were not stopped, and continued to transcribe the DNA past the terminator (see also Chamberlin et al., 1979) . In the presence of actinomycin D, the experimental points giving the amount of RNA synthesized as a function of time were in good agreement, during the first 11 min, with theoretical curves drawn on the assumption that bound actinomycin D molecules ireversibly block the progression of the enzyme. These results could be considered as a check of the value of the method used to analyse the inhibition of RNA synthesis.
But, after 11 min, when the number of bound actinomycin D molecules was high, the amount of RNA synthesized was greater than what the model predicted, even with the additional assumption that the terminator was completely inefficient. This result could be correlated with the possibility for the DNA/actinomycin D complex to dissociate so that, after a pause, the RNA polymerase could proceed further: after Imin, the RNA synthesized by retarded enzyme molecules would add to the RNA synthesized by the enzyme molecules that were not stopped by the terminator.
To check this interpretation, I have analysed the length of the RNA molecules synthesized at 37°C after a delay longer than the 5 min needed, at this temperature, for an unimpeded enzyme to travel from promoter to terminator. In the presence or absence of actinomycin D, there were few molecules longer than 7000 nucleotides, suggesting that the large delayed RNA synthesis observed in the kinetic experiments in the presence of actinomycin D was not due to a decreased efficiency of the terminator. On the other hand, it was remarkable to observe that, in the presence of actinomycin D, RNA molecules of 7000 nucleotides were still completed between 20 and 30min. Moreover, after 30min, the fraction of completed RNA molecules (7000 nucleotides) was twice that predicted on the assumption that a bound actinomycin D molecule is a final block to the RNA polymerase, as shown by the theoretical curve drawn in Fig. 2(b) . A bound actinomycin D molecule is thus not an irreversible block; when it clears the way, the RNA polymerase can resume, without interruption, the synthesis of the RNA chain.
This does not necessarily mean that all the RNA chains will eventually be completed. If one compares the situation after 30min at 370C, when there is an average of 3 bound actinomycin D molecules in the promoter-terminator segment, with that in the absence of the antibiotic, one sees many more incomplete RNA chains when actinomycin D is present. The profile in the absence of the antibiotic, after a time longer than that needed for the enzyme to go from promoter to terminator, already shows a tail of unfinished RNA molecules (Fig. 2a) corresponding to an average of 0.4 block between promoter and terminator. With the antibiotic (Fig. 2b) , the problem is more difficult to analyse, because we do not know whether more RNA chains would not have been completed after 30min; but the profile at 30min has a tail of unfinished RNA molecules much larger than that observed in absence of the antibiotic, and it is unlikely that, given more time, the two profiles would have been identical. In other words, the RNA polymerase sometimes either paused before a permanently bound actinomycin D molecule, or detached from the DNA before the antibiotic had a chance to clear the way.
